Abstract: Premature deterioration of concrete structures has created an awareness and concern about the durability of concrete. Concrete mixtures used in the construction of residential basement walls and foundations have a high w/c ratio (w/c > 0.6) and low cement content (<280 kg/m 3 ). The result is friable concrete with highly porous surface layer and high potential for cracking. The defects have a direct impact on the durability of concrete.
INTRODUCTION
Concrete mixtures used in the construction of residential basement walls and foundations possess a high water to cement ratio (w/c) ranging from 0.65 to 0.9, and consistencies ranging from a 175 ± 25 mm slump to fluid condition. The resultant concrete manifests a host of defects, a high potential for cracking and a friable, highly porous surface layer. These defects are known to have a direct impact on the durability of concrete because they reduce its effectiveness as a barrier against the ingress of water and other deleterious agents (Orchard 1973) . Concrete processing and placement methods, such as consolidation and curing, influence the quality of concrete, particularly, the integrity of the concrete surface (Dhir et al. 1987; Maadani 1998) . Several factors such as cement type and content, water content, admixtures, aggregate type and ratio, type of mould lining material (i.e. rigidity and impermeability), release agents, and type of vibratory equipment and intensity of vibration, and interaction of vibration with mould (i.e. reflection or absorption) are believed to have influence on the finish concrete surface and its integrity.
In this study, the effects of some of the foregoing parameters on the quality of concrete cover of high w/c concrete were investigated experimentally. In particular, the interplay of three parameters, mix design, formwork, and placement conditions (vibration) on the quality of the surface of high w/c concrete were investigated in some detail. For the mix design, the following variables were considered; w/c, water content, cement content, sand to coarse aggregate ratio (S/A), air content and chemical admixtures. The effects of the formwork surface condition on the quality of the concrete cover were evaluated. Two types of formwork were considered, standard plywood form and plywood lined with a coating of 100% solid urethane. Two placement conditions were considered, no vibration and vibration using a 32 mm diameter poker vibrator.
The mix design was evaluated both in the plastic and hardened states. The fresh concrete was characterised using its rheological properties, in particular its yield stress and plastic viscosity.
Destructive and non-destructive test methods were employed to measure the mechanical properties and transport properties of the hardened concrete. Pulse velocity, pull off strength and compressive strength were measured to evaluate the quality and the mechanical properties of the hardened concrete. The durability of the hardened concrete was evaluated by measuring its surface transport properties, namely its air permeability and sorptivity. The rheological properties of fresh concrete are correlated to the mechanical and permeation properties of hardened concrete.
EXPERIMENTAL PROGRAM

Materials and Samples
Mix proportions were designed to yield on average 20 MPa for a 28-day compressive strength and a 175 ± 25 mm slump, corresponding to the average properties of basement concrete mixes. Table 1 provides the mix proportions and the admixture types used. Type I cement, a crushed limestone coarse aggregate with maximum size of 25 mm and a silica sand fine aggregate with maximum size of 4.75 mm (fineness modulus of 2.60) was used throughout the experimental work. A lignosulfonate water reducing admixture (WRA) and synthetic detergent air entraining agent (AEA) were used alone or in combination in some of the mixes. The specimens were cast and cured under controlled room temperature at 20 o C and at a relative humidity of 50 %. A total of eight specimens (detailed below) and three 150 by 300 mm standard cylinders were cast from each batch.
Specimens were cast in two geometrical shapes, rectangular and L-shaped corner. The rectangular shaped formwork is 400 mm long by 200 mm thick by 400 mm high, and the corner shape one has equal length sides of 500 mm with a thickness of 200 mm and a height of 300 mm.
Four specimens were cast in formworks constructed of plywood and four in formwork constructed of plywood lined with a coating of 100% solid urethane for every mix. Of the eightspecimen cast, four were vibrated using a 32 mm diameter poker vibrator with a central frequency of 226 Hz and a peak acceleration of 1.1g.
Slump & Slump Flow
The flow properties for Mixes 1 to 8 reported in Table 2 are measured in accordance with BS 1881 (1984) . Although the target minimum slump was 175 ± 25 mm, the measured slump values ranged from 165 mm to 250 mm. For mixes with slump values originally much greater than 175 mm, the mix was adjusted by increasing the ratio of fine to the total aggregate. The mixes used to cast the specimens are given in Table 1 . The slump-flow values represent the average of the final horizontal spread of fresh concrete in two perpendicular directions after the removal of the slump cone; slump-flow and flow values provide a measure of concrete workability. The results are the average of two repetitions, where the maximum difference of 4 % was observed in the measured values. Densities of the fresh concrete are also given in Table 2 . 6 The results in Table 2 indicate that a mixture becomes more sensitive to changes in the ratio of fine to total aggregate as the w/c is reduced. However, the workability is enhanced through the use of water reducing admixture. The same observation can be made for the air-entraining agent by examining Mix 4, 7 and 8.
Air Content & Bleeding
The air content of the concrete mixes and the amount of bleeding were measured for the different mixes and the results are given in Figure 1 indicates that the percent bleeding in general increases as the slump value increases due to the addition of water, and that the increase of slump value due to the addition of admixture has resulted in either a minimal decrease, or no change in the amount of free water measured at the top surface. Further, increasing the ratio of fine to total aggregates has minimal impact on the bleeding. From Figure 1 , it can be observed that the amount of bleeding increases as the amount of air decreases.
Mixes 1, 2 and 4 are considered as non-air entrained concrete, and they contain less than the recommended total air content of concrete (ACI 211 1991) for the specified level of exposure and for the maximum size of aggregate (20 mm) used. Mixes 5, 6, 7, and 8 are considered as airentrained concrete. Mixes 5 and 6 are suitable for moderate level of exposure while Mixes 7 and 8 are suitable for severe level of exposure.
Rheology of Concrete Mixtures
The rheological properties of the mix were evaluated from the measured flow properties of the fresh concrete. By using a mathematical model derived from the premise that fresh concrete flow follows Bingham material model and that flow initiates when the second invariant of the deviatoric stress exceeds the yield limit, the shear stress and plastic viscosity are evaluated (Chidiac et al. 2000) . Following the Bingham material model, yield stress is the critical shear stress value above which the material flows like a viscous liquid, and the plastic viscosity is a material property that provides a measure of the resistance to changes in the shape or arrangements of its constituents. Accordingly, the yield stress is computed as a function of the density, ρ, and the slump-flow, S , of the fresh concrete,
where g and V are the gravitational constant and volume of the slump cone, respectively.
Plastic viscosity of fresh concrete is important for predicting consistency in high fluidity concrete. A relationship for the plastic viscosity was derived from the yield stress, slump value, , and total slump time,
where H is the height of the slump cone. The slump time corresponds to the total time taken for the fresh concrete to reach its final slump. Measured flow properties and computed rheological properties are given in Table 3 .
Pulse Velocity
Concrete pulse velocity is often used to assess the quality of concrete through the detection of flaws and damage. The tests were conducted in accordance with ASTM C 597 (1983) and the ultra-sound device, "Pundit", was used to assess the effects of the formwork and placement methods on the quality of the different hardened concrete mixes. The sensors were located at mid-length and mid-height of the specimen, corresponding to the location where cores were extracted. The orientation of the sensors was normal to the direction of casting.
The average pulse velocity results of two repetitions, summarized in Table 4 , show that the concrete with 0.65 w/c ratio cast in lined form and vibrated had the highest pulse velocity.
Vibration has beneficial effect even for mixes with high w/c ratio since the vibrated concrete has generally higher pulse velocity in comparison to the un-vibrated one. Furthermore, with the exception of Mix 7, the specimens vibrated in lined forms had relatively higher pulse velocity than the specimens vibrated in wood forms (Fig. 2) . It is recognised that the preceding observations are not definitive conclusions because they are based on the comparison of the average pulse velocity of the various specimens. In fact, the recorded standard deviation values in Table 4 could alter some of these conclusions. Further work is needed to definitively establish a relationship between some of the present test parameters and the pulse velocity of the specimens.
Plot of recorded average pulse velocities versus concrete density is shown in Figure 2 . It can be observed that in general the denser mixes have higher pulse velocity. Further, the effect of the concrete air content on the pulse velocity is noticeable in Figure 3 where mixes with higher air content have lower density and lower measured pulse velocity.
The results of Figures 2 and 3 show that mixes with high w/c that were vibrated have higher pulse velocity. The magnitude of the pulse velocity quantitatively confirms the empirical knowledge that the use of vibration reduces voids and air pockets and improves the compactness of concrete.
Cylinder Compressive Strength
Three 150 x 300 mm standard cylinders were cast for each concrete mix, and were cured for 28 days according to ASTM C 39 (1996) . Prior to testing, the cylinders were capped with a sulphur compound and the test procedure was conducted according to ASTM C 39 (1996) . The 28-day compressive strength including the standard deviation obtained from the 150 x 300 mm standard cylinders of each mix are given in Table 5 . Although the design 28-day compressive strength was 20 MPa, the measured values ranged from 14 MPa to 30 MPa. With the exception of mixes 1 and 2, which had the w/c ratio of 0.83, the other mixes reached their design compressive strength.
As expected, mixes with lower w/c have higher compressive strength. The addition of air entraining agent resulted in a reduction in the cylinder compressive strength while the addition of WRA has very little effects on the strength. Mixes with higher air volume had generally a lower compressive strength.
Several cores normal to the direction of casting were extracted from the hardened concrete specimens in order to evaluate the effect of the form lining material on the properties of the hardened mix. The cores were located at mid-height and mid-length of the specimen. The 28 days average compressive strength and the corresponding standard deviation obtained by testing three specimens of each mix are given in Table 5 . The results are found to be consistent with the maximum standard deviation of 3.61 MPa noted for Mix 7. To visualize the various effects, the average compressive strength is shown in Figures 4 and 5.
Ratio of core strength to the standard cylinder strength of the same age is found greater than one.
The difference is attributed to the orientation of the cored specimens and the size of the cylinder.
The cores avoid the areas of bleeding channels, a phenomenon known to affect the standard cylinder strength. During the preparation of the cylinder, bleeding water was observed at the surface of the specimens. Results of Figure 4 show that the difference between the core strength and cylinder strength decreases as the strength increases. Additionally, the core were 100 × 200 mm cylinders while the test cylinders for compressive strength were 150 300 mm. However, the difference in samples size is expected to yield a difference of no more than 5%.
×
The results of Figure 5 confirm that generally mixes with low water content have higher strength
values. The addition of air entraining agent decreases the strength. These observations are consistent with those made about the cylinder compressive strength. The vibrated concrete cast in wood form had on the average slightly higher compressive strength.
Pull off Test
Pull off test, which provides measurements of the concrete cover tensile strength, is carried out to evaluate the quality of the finished concrete surface. Pull-off tests were performed on the rectangular shape forms of the present mixes in accordance with BS 1881 (1992). Three repetitions were carried out for each mix. The average pull-off strength and standard deviation corresponding to each mix are given in Table 6 . The same results are graphically represented in Mass transport properties of concrete are a measure of its potential durability. This observation is based on the fact that the penetration of air/water or deleterious chemical is controlled by the mass transport properties of concrete cover. In this study, the focus was on assessing the properties of the cover, namely the air tightness and sorptivity.
Surface air tests were conducted on the test specimens according to the SCHUPACK Tester Procedure (SCONTEC 1993). The surface air tightness was measured in two orthogonal directions, which will be referred to as the face and the side, respectively. The results of 18 tests, i.e. mean and standard deviation, for each mix are given in Table 7 and illustrated graphically in Figure 7 . The results reveal a trend between the surface air tightness and the form surface finish in practically all cases. It can be seen that in many cases the lowest air leakage is exhibited by the specimens that were cast in lined forms. On the other hand, no trend can be established for the effect of vibration on the air tightness of the concrete surface. The un-vibrated concrete with water content = 229 kg had relatively higher air leakage than the un-vibrated concrete with water content of 179 kg.
The results in Figure 7 indicate that water content has significant influence on air permeability;
higher water content produces greater air leakage. This conclusion is consistent with observations by others (Neville 1981; Dhir et al. 1987 Dhir et al. , 1989 Figg 1989; Long et al. 1995) . The present test results also revealed that the side of the specimens had in general higher air leakage than the face, perhaps due to restrictions imposed by the corner effect. As for the effect of form finish and vibration, the specimens cast in lined forms showed relatively better surface air tightness than those cast in wood forms.
Sorptivity
Sorptivity is a property associated with capillary effects and is defined as the gradient of volume of water absorbed per unit area of section surface and the square root of the absorption time. The testing method and procedure for measuring sorptivity are given by Chidiac et al. (1997) and Hall (1989) . The recorded water sorptivity values given in Table 8 show concrete with w/c ratio of 0.83 has an average sorptivity value greater than 0.8 mm/h ½ while mixes with w/c ratio of 0.65 have on average values less than 0.4 mm/h ½ . This is a clear indication of why high w/c ratio and particularly high water content has a detrimental effect on the durability of the concrete.
Comparison between the results of specimens cast in the two types of formwork reveals that concrete cast in wood has lower sorptivity values for all mixes. Consolidation is found to reduce the sorptivity value for mixes with w/c = 0.83 and to increase the sorptivity value for mixes with a w/c = 0.65. Exception is found for mix 8 where consolidation of the mix has resulted in a lower value for sorptivity.
COMPARATIVE EVALUATION BETWEEN RHEOLOGY OF FRESH CONCRETE AND PROPERTIES OF HARDENED CONCRETE
Research (Tattersall 1991 , Banfill 1993 , Hu et al. 1996 , Chidiac et al. 2000 has found that rheological properties; namely, yield stress and plastic viscosity can be used to characterise the 15 flow properties of fresh concrete in a quantifiable manner. Given the fact that no standard test methods are available for measuring the rheological properties of fresh concrete, the rheological properties defined in Chidiac et al. (2000) could be used for the comparative evaluation. The objective of this evaluation is to determine whether relationships exist between the rheological properties and the properties of hardened concrete made with high w/c ratio.
Surface air tightness
Figures 8 
Pull off strength
The pull-off strength is an indication of the tensile strength of the concrete surface. The plotted values of pull-off strength versus the plastic viscosity and the yield values are shown in Figures   14 and 15, respectively. From the results it can be stated that on the average the pull off strength has the highest value when the plastic viscosity is between 20 and 60 Pa.s and the yield is between 900 and 1100 Pa. Although the pull-off strength of the concrete is more affected by factors such as curing condition, form type and level of vibration, nevertheless the effects of the rheological properties can also be marginally noted.
Pulse velocity
The measured pulse velocity across concrete is a function of its elastic properties and density.
As illustrated in Figures 16 and 17 , the pulse velocity that provides a measure of the quality of the concrete, can be related to the rheological properties. Pulse velocity increase is an indicator of better quality control as the values of both yield stress and plastic viscosity increase.
Although the intent is not to derive a relationship between the rheological properties and the pulse velocity; nevertheless the results demonstrate that the rheological properties can be used as a quality control measure for the hardened concrete. From the results of the comparative evaluation between rheology of fresh concrete and properties of hardened concrete, the following conclusions can be drawn:
1. Mixes with low yield value (less than 500 Pa) tend to promote bleeding. Further, mixes whose plastic viscosity ranges from 20 to 70 Pa.s, which correspond to yield values of 800 to 1600 Pa, are found to cause little bleeding and are not dry mixes.
2. Specimens that were vibrated in lined forms were found to exhibit the tightest air surface.
3. Surface air leakage and water sorptivity increase with increasing water content.
4. Specimens cast in wood form have the lowest water sorptivity irrespective of vibration effect.
5. Vibration decreases the water sorptivity irrespective of the type of forming materials.
6. Plastic viscosity and yield stress vary inversely with the water sorptivity, provided their respective values are less than 60 Pa. s and 1100 Pa.
7. Core strength is found to increase with increasing yield value and plastic viscosity up to a plastic viscosity and yield value of 60 Pa s and 1100 Pa, respectively.
8. Increase in plastic viscosity and yield value is found to correspond to an increase in the measured pulse velocity of hardened concrete. Concrete specimens vibrated in lined forms had the highest pulse velocity.
From the present investigation, it can be concluded that high water content concrete mixes with a plastic viscosity value of 60 Pa. s and a yield stress value of 1100 Pa, possess on average i. the least amount of bleeding,
ii. the lowest air leakage,
iii. the lowest water sorptivity, iv. the highest pull off strength, and v. the largest compressive strength.
These results show that it is possible to correlate the rheological properties of fresh concrete to the mechanical and permeation properties of the hardened concrete. 
